Despite the continuity at each nuclear pore be-COPI complex dramatically impairs nuclear envelope tween the inner and outer nuclear membranes, a unique disassembly. These results lend insight into key players profile of proteins are anchored in the inner nuclear at this important stage of the cell cycle. Moreover, our membrane through interactions with proteins located at data link the machinery of vesicular trafficking to nuclear the peripheral nuclear lamina and chromatin (Burke and envelope breakdown, indicating a greater complexity to Ellenberg, 2002). In metazoan cells, the nuclear envethis process than currently appreciated, but giving new lope becomes reorganized at mitosis, and ultimately clues about the mechanisms that are involved. its disassembly is key to accurate inheritance of both genomic DNA and nuclear envelope components.
these extracts in interphase. After nuclei were asseminhibition of nuclear envelope breakdown was apparent (91% of nuclei remaining). Membrane-staining rims bled, a recombinant form of stabilized cyclin B was added to initiate mitotic events. As expected, 20-40 around the DNA, typical of the nuclear envelope, were observed in the presence of zinc finger even after cyclin min after addition of cyclin, the nuclei synchronously exhibited hallmark features of mitosis, including chroaddition ( Figure 1C , panel p). In addition, nuclear import cargo was still concentrated in nuclei under mitotic conmatin condensation and, after 75 min, the disappearance of a continuous nuclear membrane ( Figure 1C 
-p). panels g and h). However, when a fragment encompassing the central zinc finger domain of Nup153 (GST-Z;
To be certain that the block imposed by this fragment was due to interference with a function attributable to Figures 1A and 1B, lanes 3 and 7) was included, a striking 2B, lanes 2 and 3). When these antibodies were included in the nuclear disassembly assay, they too prevented the normal progression of events: the nuclear membrane stayed largely intact (81%-86% nuclei remaining at the mitotic time point), as indicated by the accumulation of import cargo ( Figure 2C , panels f and j) and membrane staining (data not shown). Of note, nuclear import mediated by a classical NLS took place as usual in the presence of these antibodies ( Figure 2C , panels e and i), indicating that there was no impediment to this particular pathway or to general movement through the nuclear pore complex, consistent with previous studies (Ullman et al., 1999). Although we noted a difference in their potency, these two antibodies raised against different Nup153 domains interfered similarly with nuclear envelope breakdown, whereas antibodies purified from preimmune sera had no effect on nuclear envelope breakdown ( Figure 2C, panels d and h ). To search for partners that would lend insight into how the zinc finger domain exerts its dominantnegative effect, recombinant zinc finger protein was immobilized on sepharose beads and incubated in Xenopus egg extract. After several rounds of washes, proteins that remained associated were analyzed and compared to a parallel preparation using immobilized GST ( Figure  3A, lanes 2 and 3) . Mass spectrometry analysis revealed that three members of the COPI coatomer complex (␤, ␤Ј, and ␣) specifically associated with the Nup153 zinc finger region ( Figure 3B ). Other members of this complex would not have been detected, as we had concentrated our efforts on proteins larger than 55 kDa due to the interference of the fusion protein in the analysis of smaller proteins. Identification of COPI components in association with the zinc finger domain of Nup153 was confirmed by immunoblot analysis of similarly prepared samples (Figure 3C) . Two bands were observed when the antibody we simultaneously visualized ␤-COP and FG-rich nucleoporins. This analysis revealed a close juxtaposition of Our findings predict that COPI is recruited to the nuclear envelope at an early stage of mitosis. Indeed, the Golgi ␤-COP and nucleoporins ( Figure 5B , cells indicated by arrows). This observation is further underscored using machinery is known to disperse around the nuclear periphery during prophase (see Shorter and Warren, 2002, confocal microscopy, where there is a clear distinction between the position of the Golgi relative to the nucleus and references within); however, to our knowledge the dynamic distribution of the Golgi has not been followed at interphase ( Figure 5C , panel a) and the more intimate proximity seen as the Golgi disperses around the nuin relation to markers of the nuclear envelope or nuclear pores themselves. To investigate the localization of cleus ( Figure 5C , panel b).
Nup153 Associates with
To further probe the connection between the popula-␤-coatomer at different stages of the cell cycle, we first probed for its localization in conjunction with that of tion of COPI that colocalizes with the nuclear envelope and the process of nuclear envelope breakdown, we next used nuclei assembled in the Xenopus egg extract. First, we examined the kinetic relationship between the appearance of ␤-COP at the nuclear rim and nuclear envelope breakdown. Before cyclin is added, some ␤-coatomer is seen by indirect immunofluorescence, likely due to its presence on membranes associated superficially with the nuclei ( Figure 5D , panel a). Under these same conditions, an antibody directed against nuclear pore proteins (mAb414) clearly decorates the nuclear rim ( Figure 5D , panel e). Forty minutes after triggering mitotic signals by cyclin addition, a rim stain similar to that seen for nucleoporins was detected with antibodies directed against ␤-coatomer ( Figure 5D , panels c and g). This localization persisted at 60 min ( Figure  5D , 
COPI-Mediated Recruitment to the Nuclear
noted that chromosome condensation appeared to take place in samples where nuclear envelope breakdown Envelope Influences a Specific Cell CycleRegulated Event was inhibited (for example, see Figure 4 , panel f). To gain further insight into the question of how nuclear Having discovered several ways of interfering with nuclear envelope breakdown in the course of these studenvelope breakdown is integrated with other events at this stage of the cell cycle, we examined whether nuclear ies, we had the opportunity to begin to probe the interconnections between mitotic events. For instance, we lamina disassembly proceeded under conditions in ., 1998) . Howspecific alterations in nucleocytoplasmic flux. It is also noteworthy that Nup153, although considered a compoever, vesicle intermediates during nuclear envelope breakdown are not routinely observed by electron minent of the nuclear pore basket, is exposed on the cytoplasmic side of the pore as well (Fahrenkrog et al., 2002; croscopy, suggesting that this contribution to nuclear envelope breakdown is rapid or spatially restricted. Nakielny et al., 1999). The zinc finger domain itself does not appear to be accessible on the cytoplasmic face of Breakdown of the Golgi apparatus, like the nuclear envelope, appears to be the result of multiple mechathe pore (Fahrenkrog et al., 2002) ( Figure 4 ). We also observed that during reorganization of the Golgi apparatus at mitosis, there is a stage at The specific domain of Nup153 that has been identified in this study to participate in nuclear envelope which the fragmented Golgi closely aligns with the nuclear envelope (Figures 5A-5C ). We obtained similar rebreakdown also gives rise to interesting implications. Such a zinc finger is found in one additional vertebrate sults using a different marker of the Golgi (␣-mannosidase) and a different cell line, BHK (data not shown), indicating pore protein, Nup358/RanBP2, raising the question of whether Nup358 also plays a role in recruitment of the that this is a general phenomenon and that the Golgi apparatus is itself closely juxtaposed with the nuclear COPI machinery. We are currently exploring this interesting possibility, but it is important to note that our envelope. Although, at the level of light microscopy, we cannot address whether the COPI machinery associates results with two independent antibodies to Nup153 (Figure 2) indicate that, if Nup358 does participate at this with the nuclear envelope in addition to Golgi membranes in intact cells, the close proximity observed is step as well, it does so in a nonredundant fashion. A more distantly related zinc finger motif is found in Npl4, consistent with an additional role for the COPI complex at the nuclear envelope at this stage of the cell cycle. a protein that has been implicated in the process of nuclear assembly (Hetzer et al., 2001) . Interestingly, the The in vitro system of nuclear assembly/disassembly gave us the opportunity to look at ␤-COP distribution zinc finger of Npl4 was recently demonstrated to interact with ubiquitin (Meyer et al., 2002; Wang et al., 2003) .
in the absence of the Golgi. Here, we observed ␤-COP recruitment to the nuclear envelope during early mitosis While a zinc finger derived from Nup358 does not bind ubiquitin , these studies raise the ( Figure 5D ) and, moreover, found that the zinc finger fragment of Nup153 interferes with this recruitment step question of whether a ubiquitin-related modification is a determinant of interactions with the Nup153/Nup358 ( Figure 5E ). A role for the coatomer machinery in nuclear envelope breakdown does not preclude the notion that class of zinc finger. Also of note is the observation that the small GTPase Ran can interact with the zinc finger other mechanisms contribute to this process. Rather, this new information indicates that multiple mechanisms of Nup153 (Nakielny et al., 1999), suggesting that Ran, which is known to play an important role in nuclear provide a failsafe mode of nuclear envelope breakdown, reflecting the importance of faithful segregation of the envelope assembly, is a candidate for modulating recruitment of the COPI complex to Nup153. nuclear envelope and the genomic content itself. hr at room temperature. Following the blocking and antibody incubation steps, the samples were mounted in 50% glycerol containing on a Finnigan LCQ DECA quadrupole ion trap mass spectrometer.
Parallels between the Nuclear Envelope Integrating Vesiculation into a Working
2 mg/ml phenylenediamine and imaged using an Olympus FVX IX70 confocal microscope.
Immunoprecipitation and Immunoblotting
HeLa cells plated on coverslips were synchronized by incubating Immunoprecipitation and immunoblotting were performed following in media containing 2 mM thymidine (Sigma). After 12 hr, the thymistandard procedures. Antibodies used were obtained as follows:
dine was washed out, and 11 hr later the samples were processed for anti-GST was a kind gift of Dr. Sarah Guadagno; mAb414, which indirect immunofluorescence microscopy as previously described recognizes Nup62, Nup153, Nup214, and Nup358, was purchased (Griffis et al., 2002) . This time point was chosen by monitoring cells from Covance; anti-␣-COP, anti-␤-COP, and anti-␤Ј-COP were purunder these conditions for progression into mitosis and selecting a chased from Affinity BioReagents, Inc.; goat anti-rabbit HRP and time at which the culture was enriched for cells in prophase. Antigoat anti-mouse HRP were purchased from Zymed Laboratories, bodies were as follows: anti-cyclin B1 monoclonal antibody at 1:500 Inc.
(BD Biosciences), mAb414 at 1:2000 (Covance), and anti-␤-COP at 1:1000 (Affinity BioRegents). Secondary antibodies and microscopy were as described above. In Vitro Nuclear Disassembly Assay and Microscopy Demembranated condensed sperm chromatin was isolated from Xenopus testes as described previously (Powers et al., 2001 ). For the Acknowledgments assembly of nuclei, an ATP-generating system was added to 28 l of crude egg extract. Sperm chromatin was added, and nuclei were alWe would like to thank members of the Ullman lab for helpful discuslowed to assemble by incubation at room temperature. 
